Introduction
By absorbing and scattering solar radiation, aerosols can affect precipitation through its radiative effect on surface and atmospheric heat budgets, which modulate the large scale circulation (e.g. Chung and Seinfeld, 2005; Haywood and Boucher, 2000) . Meanwhile as cloud condensation nuclei (CCN) or ice nuclei (IN), aerosols can also produce various non-exclusive effects on cloud microphysics, such as the cloud albedo effect, cloud lifetime effect, semi-direct effect, glaciation effect and thermodynamic effect (e.g., Ramanathan et al., 2001; Lohmann and Feichter, 2005; Denman et al., 2007, and therein) . Evidence also suggests that Correspondence to: J. Huang (jhuang@rsmas.miami.edu) aerosols can have remote impact on precipitation by altering the atmospheric large-scale circulation (e.g. Rotstayn et al., 2007; Wang, 2004 Wang, , 2007 . Model simulations demonstrated that radiative forcing of anthropogenic aerosols from present-day and pre-industrial conditions have significant influence on upper tropospheric clouds and water vapor (Liu et al., 2009) , and exert different perturbations in the radiative energy budget of the global climate system (Schulz et al., 2006) . Lau et al. (2008) explicitly explained the possible radiative, miscrophysical and dynamical mechanisms in the aerosol-monsoon interaction. However, as stated in the fourth climate assessment report of Intergovernmental Panel on Climate Change (IPCC), the sign of the global change in precipitation due to aerosols is not yet known (Denman et al., 2007) . Due to the natural variability and complexity of many processes involved (Menon, 2004 ), observational and modeling studies on aerosol-cloud-precipitation interaction do not always produce consistent results (e.g. Takemura et al., 2005; Tao et al., 2007) . Few attempts have been made to compare large-scale observed and simulated aerosol-precipitation relationships. Such comparisons are needed for evaluating the performance of the models and thus to build our confidence in using these tools to specify and quantify certain physical mechanisms that would be otherwise difficult to reveal with observations alone.
The West African Monsoon (WAM) region provides an ideal natural test bed for studying aerosol effects on precipitation. It is so because aerosols over this region are among the greatest and most persistent on Earth with distinct seasonal variability: mineral dust from North African sources in May-August, biomass burning smokes from southern Africa in July-September, and their mixture in November-February due to persistent year-long dust emission from some North African sources and biomass burning in Sahel region (e.g. Carlson and Prospero, 1972; Prospero and Lamb, 2003; Dwyer et al., 2000; Duncan et al., 2003; Ito and Penner, 2005; Huang et al., 2009d) . Using satellite data we have demonstrated that a high concentration of aerosols can induce significant precipitation reduction in the WAM region along the coast of the Gulf of Guinea, particularly in the boreal late autumn and winter (Huang et al., 2009a, b) . The mechanism for this reduction is, however, unclear. In this study we aim to explore possible mechanisms by comparing observed and model simulated aerosol-induced changes in various meteorological variables. We will first describe observational data and data processing in Sect. 2, followed by model description in Sect. 3. Then we will present results in Sect. 4. Section 5 gives a summary and discussions.
Observational data and data processing
Unless otherwise noted, our observational data analysis covers the period of 1979-2000 during which Total Ozone Mapping Spectrometer Aerosol Index (TOMS AI), the main aerosol data in this study, is available. Monthly mean TOMS AI, the Global Precipitation Climatology Project (GPCP) precipitation data, the NOAA interpolated outgoing longwave radiation (OLR) data, and the NCEP-DOE reanalysis 2 wind data were used for this period. For statistical relations of aerosol to cloud we use a shorter period of 1983-2000 for which the ISCCP cloud data are available. The purpose of this analysis period is to examine changes in cloud amount that accompany the changes in precipitation under aerosol effects. A summary of all the variables from observations and model simulations is given in Table 1 with their climatological mean and standard deviation.
TOMS AI (Herman et al., 1997; Torres et al., 1998 ) is sensitive to ultraviolet-absorbing mineral dust and biomass burning smoke. In this study, the latest version-8 monthly TOMS AI was used; it combines data from Nimbus-7 (N7, November 1978 to April 1993) and Earth Probe (EP, August 1996 to December 2000 . The spatial resolution is 1 • latitude by 1.25 • longitude. The use of TOMS AI is justified by the fact that in the WAM region dust and smoke are the two major UV absorbing aerosol types whose variability can be sensitively traced by TOMS AI without complications from nonabsorbing aerosols such as sea salt and industrial pollution. The dust variability observed by TOMS AI was also verified by the long term dust ground record in Barbados (e.g. Ginoux et al., 2004) . The GPCP precipitation data are available as a merged product consisting of low-orbit satellite microwave data (after mid 1987), geosynchronous-orbit satellite infrared data, and surface rain gauge observations (Huffman et al., 1997; Adler et al., 2003; Yin et al., 2004) . The spatial resolution is 2.5 • latitude by 2.5 • longitude. The ISCCP D2 data, available from 1983 to 2000 Schiffer, 1991, 1999) , categorize low, medium and high clouds by their top. The data also provide cloud top pressure, cloud top temperature, and cloud water path that are of interest to this study. The OLR data from NOAA polar-orbiting satellites are often used to identify areas of tropical deep convection and to evaluate the radiation budget of the Earth (Gruber and Krueger, 1984; Liebmann and Smith, 1996) . In the interpolated OLR data gaps were filled with temporal and spatial interpolation (Liebmann and Smith, 1996) . The spatial resolution is 2.5 • × 2.5 • . For the primary data analysis period 1979-2000, we also use wind data from the NCEP-DOE Reanalysis 2 (Kanamitsu et al., 2002) .
We adapted the same data processing method described in Huang et al. (2009a, c) . An aerosol time series was derived from an African aerosol domain (AA domain), which is larger than the WAM domain for the time series of precipitation (Fig. 1) . The seasonal cycle was first removed from both time series. We then identified El Niño-Southern Oscillation (ENSO), North Atlantic Oscillation (NAO), and Atlantic zonal and meridional sea surface temperature (SST) modes as known climate factors that modulate natural variability of aerosol and other meteorological variables (e.g. Prospero and Lamb, 2003; Chiapello et al., 2005; Washington et al., 2006) .
Their corresponding representative indices, namely, the NINO3.0 index (5 Philander, 1990) , the NAO index (Hurrell, 1995) , the ATL3.0 index Zebiak, 1993) , and the TNA-TSA index (SST anomaly difference between 5 Servain, 1991) , were used in a multi-variable regression technique to remove their coherent signals in both aerosol and precipitation time series. The residual aerosol and precipitation anomalies are not linearly explained by these known climate factors. We further normalized the anomalies using their interannual standard deviation of each calendar month averaged over the respective analysis domains. The statistical analysis is mainly conducted between the normalized anomalies of aerosols, precipitation and other variables. The spatial and temporal variability of the differences in these variables between the high and low aerosol scenarios will be presented to help interpret the observed aerosol-precipitation relationship.
developed based on the Community Climate Model version 3 (CCM3) of the National Center for Atmospheric Researches (Wang, 2004) . The model has a horizontal resolution of 2.8 • ×2.8 • degree and 18 vertical layers from the Earth's surface to 3 hPa. Processes that modulate the 3-D distribution of BC include emissions, transport and mixing, dry deposition and gravitational sedimentation, and wet removal. The climate dynamics model calculates these processes utilizing the predicted winds, temperature, air density and pressure, cloud cover, and precipitation. The annual emissions from fossil fuel use and biomass burning were ∼8 and ∼6 Tg C, respectively. The inclusion of BC aerosols in the 18-band solar radiation module of CCM3 (Briegleb, 1992) was formulated following Kiehl and Briegleb (1993) . The needed optical parameters of BC aerosols were derived based on the Mie scattering theory (Wang, 2004) , specifically, the Model 1 of BC optical parameter set in Wang (2004) is used (Table 1 in Wang, 2004) . The direct effect of BC on long-wave radiation was omitted, and so was the much more complicated and poorly-understood indirect radiative forcing of BC aerosols. Above calculations were processed at the same time step of the climate model to achieve a fully interactive coupling between the aerosol module and the CCM3 climate model. Two model runs coupled with a slab ocean model were conducted: a reference run without and a forcing run with the radiative effect of BC. Both runs last 60 years to reach a quasiequilibrium state. The last 20 years of model outputs were used in the analyses in this study. Details of the model and model configuration were given by Wang (2004) . The direct radiative forcing of BC estimated by this model is within the range of previous works (see Table 2 .5 in Forster et al., 2007) . The remote impact of BC radiative forcing on precipitation was also suggested in different interactive BC-climate modeling efforts (e.g. Roberts and Jones, 2004; Chung and Seinfeld, 2005) .
It should be emphasized that the model used does not include other aerosol types other than black carbon. We had chosen to compare our observational results to simulations of this model for two reasons: 1) Using long term satellite observations, we observed significant large-scale aerosolprecipitation covariability in the Pan-Atlantic region only in boreal cold seasons when biomass burning smokes are one of dominant aerosols in the troposphere. We did not observe such significant relationship in boreal summer when mineral dust is the sole predominant aerosol in the tropical Atlantic (Huang et al., 2009a, b, c) . The logical thinking is that if aerosol effect is responsible for the observed relationship, it probably comes from BC. 2) An important conclusion from Rosenfeld et al. (2008) is that aerosol radiative and microphysical forcing may be dominant over different aerosol loadings: when aerosol optical depth is at its higher end, as in the WAM region, radiative forcing becomes more significant over microphysical effect. Additionally, the model simulations of aerosol microphysical effect still have large uncertainties. One often observes large difference between different model schemes. But aerosol radiative forcing is better understood and simulated after many years of profound studies. Thus we think it is a logical first step to pursue a comparison between observations and model simulations with only BC radiative effect over the WAM region.
To make the model results comparable to observational results, we applied the same data processing method to the model simulations except there is no need to remove effects from known climate factors (such as ENSO, NAO and NAV) because they were not reproduced by the model. The difference between the forcing and reference runs is also analyzed to isolate the BC radiative effect.
Results

Aerosol and precipitation
A large-scale reduction in precipitation in the WAM region associated with high concentration of African aerosols has been observed using satellite data (Huang et al., 2009a, b) . This observation is compared to the model simulation from the forcing run in Fig. 1 , which shows differences between composites of precipitation for months of high vs. low aerosol concentrations. The high and low months of aerosol concentration are defined as the top and bottom terciles of the monthly time series of aerosol normalized anomalies. The simulation agrees with the observation in that the most significant aerosol-induced reduction in precipitation occurs along the Guinea coast in boreal winter and spring. The model produced convective and large-scale precipitation. Only the changes in convective precipitation have the spatial and seasonal variability similar to the observed. This agreement between the observation and simulation signifies that if the observed reduction in precipitation is due to direct radiative forcing of aerosol, it is BC that suppresses isolated sub-grid precipitation processes. A possible reason for the resolvable large-scale precipitation not affected by the local BC radiative effect is that large-scale precipitation is more controlled by the large-scale circulation and less sensitive to local changes in radiative heating/cooling. Other associated meteorological responses to the BC radiative forcing are discussed in the following sections.
Aerosol and cloud
The aerosol-cloud interaction is highly uncertain due to the complexity of many microphysical processes involved. For example, known as cloud albedo effect and cloud lifetime effect, excessive aerosols may increase CCN numbers, decrease cloud particle size, thus enhance cloud albedo, lengthen the cloud lifetime and increase cloudiness (Twomey et al., 1978; Albrecht, 1989) ; on the other hand, known as semi-direct effect (Hansen et al., 1998) , the extra solar absorption by excessive aerosols can potentially warm up the surrounding cloud, increase the evaporation rate of the cloud particles and reduce the cloud (Ackerman et al., 2000) . Because of these aerosol effects, cloud can be either suppressed (e.g. Feingold et al., 2005 , for smoke suppression of cloud in Amazonia) or invigorated (e.g. Kaufman et al., 2005; Koren et al., 2005 , for aerosol invigoration of Atlantic convective cloud) or both (e.g. Koren et al., 2008 , for smoke invigoration and inhibition over the Amazon). It would be interesting to see how cloud would vary in association with a reduction in precipitation in the WAM region due to high concentration of aerosol, such as that observed and simulated with BC radiative effect only (Fig. 1) .
With a similar composite procedure applied to the ISSCP cloud data, we found a significant reduction in the total cloud amounts along the Guinea coast associated with anomalously high aerosol (Fig. 2a) . Although suppression is also found in middle and low clouds, the most notable reduction is in the high cloud amount (Fig. 2b) . Model simulations produced very similar results ( Fig. 2c and d) .
In addition to the reduction in the total cloud amount, aerosols also appear to decrease the cloud top altitude as measured by increases in cloud top pressure (Fig. 3a, b) . It is clear that the observed reduction in precipitation is not associated with increases in clouds as expected if some of the cloud microphysical effects of aerosol are involved. This is consistent to the notion that the BC radiative effect (absorbing) tends to increase the atmospheric stability locally and thus weaken isolated sub-grid precipitation. This is also consistent to the suggestion purely from observations that the observed negatively correlated relationship between aerosol and precipitation in the WAM region cannot be explained by the washout effect (Huang et al., 2009a, b, c) , evident from spatial and seasonal patterns and rain rate sensitivity of the observed aerosol effect, and its comparison to the model simulated washout effect. Consistently, the cloud water path, a variable indirectly indicating cloud depth, also decreases significantly as the aerosol concentration becomes anomalously high (Fig. 3c, d ). Further evidence of cloud suppression is found in the enhanced outgoing longwave radiation (OLR) during high aerosol tercile months (Fig. 3e, f) . Such results, once again, was reproduced by the model simulation (Fig. 3g,  h ). Therefore we are more confident that the aerosol-induced precipitation reduction is due to the suppression of precipitating clouds by aerosol direct radiative effects of BC.
To confirm the aerosol suppression of precipitation and cloud, we conducted a consistency check on changes in the wind fields. In the high aerosol tercile months, both observations and simulation show stronger divergence in the meridional wind field and weakened upward motions at the 850 hPa level (not shown). These consistent responses in the wind fields from the reanalysis help rule out any remaining doubt that the observed aerosol-precipitation relationship might results from errors in satellite data retrievals.
To summarize the association of aerosol with the above mentioned meteorological variables, we conducted an additional correlation analysis between the AA-domain averaged aerosol normalized anomalies and the WAM-domain averaged normalized anomalies of other meteorological variables. We put the emphasis only on the boreal winter season when the most significant aerosol-cloud and aerosolprecipitation relationships are found.
Both observations and model simulations show significant (at the 99% confidence level) negative correlations between aerosol and precipitation. The model output further verifies that such negative correlation is mainly from convective precipitation. Consistently, both observations and simulations also found significant (at the 99% confidence level) negative correlation between aerosol and total or high cloud amount. Significant (at the 99% confidence level) positive correlations also exist between aerosol and other cloud variables such as cloud top pressure, cloud top temperature, and OLR in observations. These significant correlations indicate that the composite differences in Figs. 1-3 are indeed statistically robust.
In addition to the correlations, we also calculated the changes in the normalized anomalies of each variable when aerosol (or BC in the simulation) normalized anomalies increases from low tercile months to high tercile months (last column in Table 1 ). By inversing the normalization procedure (see Sect. 2), one can quantitatively approximate the aerosol-attributed changes in these variables. For example, the difference in the observed precipitation between high and low aerosol tercile months is about −0.942 mm/d, which is roughly 31% of the annual mean precipitation; in the model simulation, these two values are −0.829 mm/d and 28%, respectively (see Table 1 ).
Nonlinearity
It is interesting to point out that the radiative effect of BC on precipitation may not be linear. If the BC radiative effect on precipitation is linear, then the reference run (without BC radiative effect) can be viewed as an extreme case asymptotically approached by the lower tercile of BC concentration in the forcing run as the BC concentration goes to zero. In this case, similar pattern of reduction should be expected, if with different (larger) amplitudes, from the precipitation composite difference between the forcing and reference runs. This is not the case. The precipitation is indeed reduced in the forcing run in comparison to the reference run (Fig. 4) , but the pattern of the changes is quite different from what shown in Fig. 1 . If the large-scale circulation responds linearly to the radiative forcing of BC, then the nonlinearity may come from the way precipitation is controlled by the large-scale circulation. The possible nonlinear nature of the precipitation response to BC radiative forcing as simulated by the model extends globally. We compared the composite difference in precipitation between high and low tercile months in terms of the BC concentration in the forcing run (Fig. 5a ) and the difference in precipitation between the forcing and reference runs (Fig. 5b) . It is clear that in some regions, the difference patterns are similar albeit different amplitudes, signaling the dominance of linear responses. In other regions, they are quite different, suggesting possible dominance of nonlinearity. The significance of such nonlinearity depends on the sensitivity of changes in tropical convective precipitation to the direct radiative effect of black carbon emitted from several major regions of the world (Wang, 2009 ). This aspect of aerosol effects on precipitation needs further investigations.
Summary and discussion
Using long-term satellite data and GCM simulations, we have demonstrated that aerosols from Africa significantly reduce convective precipitation in the WAM region owing (at least in part) to direct radiative forcing of black carbon. The reduction is particularly significant in boreal cold seasons when biomass burning smoke is prevailing. In both observations and simulations we found that associated with the reduction in precipitation are significant decreases in cloud amounts and cloud height, which suggest that the observed reduction in precipitation might be not directly caused by cloud microphysical effects of aerosol. The model simulations produced similar pattern of reduction only in convective (subgrid) precipitation, but not in large-scale (grid-resolving) precipitation. These all lead to the plausibility that the observed reduction in precipitation in the WAM region associated with increasing African aerosol is caused to a large extent by suppressed isolated (subgrid) convective precipitation due to direct radiative effect of black carbon, possibly from biomass burning in the region. It would be interesting to see how much the reduced precipitation by black carbon may vary when radiative effects of dust are also included in the model. It is also of interest to discuss the relative significance of aerosol radiative effect to its microphysical effect on precipitation. As latest reported, when the aerosol optical depth (AOD) is higher than ∼0.25, aerosol radiative effect becomes more significant over aerosol microphysical effect and tends to inhibit cloud amount (Koren et al., 2008) , decrease convective available potential energy (CAPE), and thereby suppress precipitation (Rosenfeld et al., 2008) . In the WAM region the aerosol optical depth is among the highest in the world with a climatological AOD mean of ∼0.4 as we evaluated from 5-year (2003-2007) Aqua MODIS AOD. For all the calendar months, the climatological mean AOD are all higher than 0.25 except October which has an AOD mean of 0.23. Moreover, showed for the precipitation change in South Asia from fully coupled coean-atmosphere global climate model experiments, the radiative forcing from aerosol-laden clouds can reduce surface evaporation, decrease meridional sea surface temperature gradient and increase atmospheric stability, and result in a precipitation reduction (Ramanathan et al., 2005) . Therefore our attribution of cloud and precipitation suppression to aerosol radiative forcing agrees with these arguments and is in line with our current understanding of aerosol effects on precipitation.
Although we did not observe significant large-scale coherent relationship between aerosol and precipitation in boreal summer when dust are prevailing, we cannot rule out dust effect on precipitation completely from observations. Larger dust particles may act as effective aerosol savengers sweeping up the fine particles, and the aggregate dust-smoke mixtures are effective in absorbing solar radiation than by either dust or smoke alone, thus lead to stronger radiative forcing in the climate system (Ramanathan et al., 2001 ). More evidence also indicated that up to 30% of the observed precipitation reduction in the Sahel can be explained by the direct radiative forcing of the increased North African dust, as simulated from a global climate model (Yoshioka et al., 2005) , and the main effect of the dust radiative forcing is to reduce precipitation over the Sahel region (Miller and Tegen, 1998; Konare et al., 2008) . Cloud amount in thin low altitude clouds and ice phase clouds are reduced due to dust (Mahowald and Kiehl, 2003) while some other studies also reported that mineral dust causes reduction in precipitation Rosenfeld et al., 2001 ). Nonetheless it appeals for more model simulations with aerosol radiative and microphysical effects from both dust and smoke, to advance our knowing on aerosol-cloud-precipitation interaction.
Because biomass burning is a major source of black carbon in the WAM region, our results suggest that to a certain extents the human-induced biomass burning may impact on local weather and regional climate. It calls for more systematic investigations on the biomass burning effect on global precipitation to reduce the uncertainty in evaluating the anthropogenic climatic impact and to improve our understanding on the human-earth interaction.
